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SUMMARY

In this annual summary report a description of the theoretical and

experimental progress in the investigation of laser optical biasing ef-

fects on the quantum transport properties of n-InSb is given for the

period October 1, 1978 - September 30, 1979.
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PHOTOCONDUCTIVITY OF LASER EXCITED HOT ELECTRONS IN DEGENERATE n-InSb*

D G Seiler, J R Barker, B T Moore, and K E Hansen
Department of Physics, North Texas State University
Denton, Texas 76203

CO2 laser-induced hot carrier and free carrier absorption effects
are investigated at 1.8 K. Electron temperatures are extracted
for various laser frequencies and powers. Parallel photo- and
electrical heating experiments provide information about the
photoexcitation and hot carrier generation process.

Optical heating of carriers in semiconductors illuminated by intense

laser radiation has been extensively studied with transmission or

photoluminescence measurements. Here we examine CO2 laser-induced

heating of electrons in degenerate n-InSb at liquid helium tempera-

tures by investigating the corresponding conductivity changes. The

free carrier absorption of this CO2 laser radiation is thus shown to

be a valuable new tool for the extraction of information on photo-

heated hot carriers.

The sample of n-InSb, immersed in liquid helium at 1.8 K, was illumi-

nated with a laser pulse produced by mechanically chopping a beam

(TEM00 mode) from a gratino-tuned cw CO2 laser. The laser pulse had
a width of -20 psec (F.W.H.M.), a rise and fall time of -2 usec, repe- Ac _si n Fo

tition rate of 1700 Hz, and a peak power of several watts over a num-

ber of lines between 9.2 and 10.8 Wm. Calibrated filters of either wis S .&
VDC TA3

CaF2 or BaF 2 were used after the chopper for beam attenuation. *kaQ'j~ced

Figures l(a), (b) and (c) show results of three separate experiments Jy 3 ti--c-ti__l

on how the mobility ratio u/ 0 changes with (a) applied electrical y

power per electron PE (=eu 2); (b) lattice temperature TL; (c) peak Di

15 - 3incident laser power P1. The electron concentration (1.4 x10 cm - )

is constant at these lattice temperatures and low laser powers where * a ia'd/or

two-photon absorption processes are completely negligible. Conse- D1 t PCIBI
quently, the measured changes in conductivity are simply related to

the changes in mobility. As seen in Fig. l(b), the mobility increases

with lattice temperature, TL , which is consistent with dominant ion-

ized impurity momentum relaxation. Pulsed dc electric fields of

20 usec duration were used to electrically heat the carriers into the

warm electron region as shown in Fig. 1(a) for zero laser power. Addi-

tional mobility ratio data were taken at higher values of TL and PE



3I
502 Physics of Semiconductors 19 78

!.20 1 1.20

TL=1.8K PE=O.5 x W PI xIO W F.O . , 0 IK

(a) ()(C)

i:-~ / .0 =8

::,r 04 .. . . . . . . 0 
=

0 126 LO4
I 0 =960

9 ' / II 7 I mA A ~927

I 100
I 2 4 8 0 0.4 0.8 1.2 1.6

E (1016W) T (K) P (W)

Fig. 1. Mobility changes with (a) PE' (b) TL and (c) P r-

than are shown on these two plots. The CO2 laser radiation is par-

tially absorbed via free carrier absorption processes which subse-
i |quently leads to a mobility increase as seen in Fig. l(c) where / 0

is plotted versus PI* The laser beam was positioned to illuminate the

region of the sample between the potential contacts. In all cases the

beam diameter was larger than the width of the sample, but smaller

than the distance between the potential leads. From the measured

voltage drop across the leads, which contain resistances from both il-

luminated and unilluminated regions and geometrical considerations of

the laser spot size, one can calculate the mobility of only the illum-

inated region. It is this mobility V which is plotted in Fig. 1(c).

Electron temperatures can be determined for each wavelength and value

of PI by making a one-to-one correspondence between the mobility

changes in the two cases shown in Fig. 1(b) and (c). For example, for

X=9.27 um and P,=0.5 W, 1i/Uo Zl.04 which corresponds to the same mobil-

ity ratio for a temperature T L3.5 K. Provided the steady state is

controlled by intercarrier collisions, the carrier distribution will

be a heated Fermi-Dirac distribution with a true electron temperature

.4 T if the carrier heating maintains the system within the regime domi-e• !i nated by ionized impurity limited mobilities. A plot of Te versus P1
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80 is shown in Fig. 2.

We have estimated the initial car-

60- rier concentration n * for which the

energy loss rate r' (e) (scattering~ee
oV out) due to an excited electron of

40 high energy E scattering against the
'48' background carriers equals the

I 9 energy loss rate r (c) due to pho-
V SdH

1% 05non scattering using a similar cal-
Q5 1.0 1.5

(W) culation to Stratton but allowing

Fig. 2. Te versus PI for sev- for the degeneracy of the low energy
. eral CO2 laser wavelengths, carrier distribution and Thomas-Fermi

E E+~i, wereenegy ossis18 -3screening. For the present sample, n-<n *-i0 cm , for energiesc
.>> F +L , where energy loss is controlled by polar mode optic phonon

emission (phonon energy, bL ). However, for c< F wL, n>n c1014 cm- 3 ,

where nc is the electron concentration for a valid electron temperature

model computed using a modified Hearn criterion.

We assume therefore that a fraction of the optically absorbed power

P =ctdP (Multiple reflections, but not interference effects, are
a I

taken into account here. The sample thickness is d, a is the free

carrier absorption coefficient and ad<<l.) is transferred to the lat-

tice by optic phonon cascading as the photoexcited electrons scatter

to energies below the threshold, c-c+fW for which r >ee The
F L eph ee'

residual power P =[i- B(O]PO is then effective in heating the car-
a a

riers into a Fermi-Dirac distribution with electron temperature T
e

via intercarrier collisions. The subsequent quasi-thermalized distri-

bution will then lose energy to the lattice via predominantly acoustic

phonon processes at the rate [1- 8()]P°.
a

By comparing the power balance in the electric field and separate laser

heating experiments, we are able to extract an effective free carrier

absorption coefficient aeff, related to the true value a(X,T e ) by

ae ((I -6(X)j](A,T ) and determined experimentally by the ratio
eff e

Oeff E(T e)/dPi(T e'X). P E(T e), as defined previously, is the

electrical power per electron producing an electron temperature T
at zero laser power and Pi(TeX) is the incident laser power per

Li
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illuminated electron. For samples 4
with n>n*, we have 8=0 where a =a

Ceff
and a precision extraction of the - 10.42m10.48

* 1026
true absorption coefficient becomes 3 960

1-ssible. L 927
E i

Figure 3 shows the variation of a eff 2

with T for different constant valuese

of X for which we expect 8=constant.

The behavior of ef can be under-
eff

stcod from energy balance consid-

erations for a degenerate electron

gas where aeff=A (T e)/dP i -E and7 01

is the phenomenological energy relax- TbK)

ation time and Ar(T )=t(T )-E(TL)

where E(T) is the average energy Fig. 3. ceff versus Te for
several values of X.

of an electron. The variation of

this phenomenologicAl energy relaxation time with electron temperature

is the cause of this strong electron temperature dependence of aeff -

avsA plot of aeff versus A at

a -onstant value of Te shows that extrapolated values of a eff at A=O

gives nonzero negative values which are consistent with a non-zero

loss factor S(A). In addition a minimum in a at 10.49 vm is ob-ef

served and is consistent with a maximum occuring in 8() close to the

oscillatory photoconductivity (OPC) condition hw=
5htWL. A strong (B=I)

OPC effect is excluded because of the finite width of the excitation

pulse -cF+ 4k T . The presently available range of photoexcitation
F B e

energies from the CO laser is not sufficient to expose other minima
2

expected near h=Nhw L (N integer). Experiments are in progress on

other concentration samples to investigate the physical origin of the

non-zero loss factor 8.

*Work supported in part by the Office of Naval Research.

b rn- i
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SHUBNIKOV-DE HAAS EFFECT STUDIES ON OPTICALLY HEATED ELECTRONS IN n-inSb

D.G. SEILER, L.K. HANES, M.W. GOODWIN and A.E. STEPHENS **

Department of Physics, North Texas State University, Denton, TX 76203, USA

Received 31 July 1978; in revised form 14 October 1978

CO laser-induced hot electrons in n-lnSb at 1.8 K have been studied with the Shubnikov-de Haas effect which permits
extraction of the electron temperature as a function of peak incident laser power.

1. Introduction 2. The Shubnikov-de Haas effect

Hot electrons generated by dc electric fields in InSb The Shubnikov-de Haas (SdH) effect is an oscilla-
have been widely studied using a number of experi- tory variation of magnetoresistance with magnetic
mental methods. However, optically induced hot elec- field which can occur in a degenerate material at low
trons generated by intense laser radiation have been temperatures. The conditions necessary for the SdH
much less extensively investigated. Recently, the oscillations to be observed are oc >> 1 and kBT, <
Shubnikov-de Haas (SdH) magnetoresistance oscilla- hcoe <EF, where wc -eB/m*c is the cyclotron fre-
tions have been used as a tool to determine the tem- quency, T is the lifetime of a state at the Fermi energy
perature of hot electrons produced by a C0 2 laser Ep, and T, is the temperature of the electron gas,
in degenerate n-lnSm [1,21. Only free carrier absorp- which may or may not be equal to the temperature of
tion processes needed to be considered because of the the lattice TL. As the magnetic field B is increased,
low intensity of the cw CO2 laser and because the pho- successive Landau levels rise past EF and depopulate.
ton energy of the 10 pm CO 2 laser radiation is about As long as EF remains constant, the magnetoresistance
half of the direct band gap energy E. of lnSb. In con- oscillations are periodic in B- 1 with the period given
trast, both intra- and inter-band effects are expected by
to be important in CO laser-induced hot electron P= e (1)
effects in InSb where the photon energies can be tuned
from below E. to above Es . Provided the magnetic field does not become too

In this paper, we present the results of an investiga- large, the amplitude of the SdH oscillations in the
tion of the SdH effect in a sample of n-lnSb irradiated longitudinal magnetoresistance of a material such as
with a CO laser. In section 2, we describe features of n-InSb can be expressed as [3,4]
the SdH effect pertinent to its use in studying hot .p \1/2 Tem' cos(irv)
electrons. The experimental work, including sample A = wB i exp(-PTDm 1B), (2)
properties and the apparatus, is given in section 3. x28 sinh(OTern B)
The results and conclusions are then presented in sec- where 03 = 27r2 kBcmlhe, m' = m*/m is the ratio of
tion 4. effective mass to free electron mass, TD is the Dingle

or nonthermal broadening temperature, and v is the
spin splitting f4ctor related to the effective g factor

Work supported in part by the Office of Naval Research. g by v = m'g1/2m.

• Permanent address: Department of Physics, Austin Col- Although the SdH oscillations can be observed
lege, Sherman, TX 75090, USA. with straightforward dc techniques, magnetic field

247
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modulation and a lock-in amplifier are often used to excitation. For photon energies much less than the
improve the signal to noise ratio and to observe a band gap energy Eg, carrier heating should take place
larger number of oscillations "'hen the lock-in am- due to free carrier absorption and thermalization by
plifier is tuned to the modulation frequency, it mea- electron-electron collisions. For larger photon ener.
sures an oscillatory signal with an envelope-to-enve- gies, carriers should also be excited from impurity
lope amplitude [5,61 levels and from the valence band into the conduction
V = 4AJ 1 (a) (3) band. A radiation induced increase in the steady state

concentration should raise EF and decrease the SdH
at a particular value of B. The argument of Bessel period. This would shift the SdH extrema to higher
function J, is given by a = 21rBMIPB2, where BM is B values. Also, according to the work of Kalushkin
the amplitude of the modulation field. et al. [141, even if the concentration remains con-

The first hot electron SdH experiment in n-lnSb stant, the B and T dependence of EF caused by
was performed by Komatsubara [71, who applied . incomplete degeneracy should cause P to decrease and
large electric fields (>0.1 V/cm) to a 1.5 X 10,1 cm-3  the extrema to move to higher B values as Te is
sample and observed a decrease in the SdH amplitude increased. To take period changes into account, we
for the transverse configuration and a shift of the SdH define the function
extrema to higher B values as the electric field was V(Te,i, P)P"2J(o)
increased. Later lsaacson and Bridges [81 studied a F (= ) P ,(0  (5)
1.7 X 101 s cm-3 sample of n-InSb and found that V(Te,o, 0 ) PI/2J,(a,) (
either an increase in the lattice temperature or an where Vis given by eq. (3). If P, TD, m', and v are all
increase in the large electric field would decrease the constant, F is equal to eq. (4). The use of F in deter-
transverse SdH amplitude and shift the extrema to mining Te values is given in section 4.
higher B values. By matching the SdH curves for var-
ious lattice temperatures at a fixed low electric field
with the curves for various high electric fields at a 3. Experimental work
fixed low lattice temperature, Isaacson and Bridges
determined the electron temperatures corresponding A block diagram of the experimental apparatus is
to given values of the electric field, shown in fig. 1. The laser is a sealed off, electric dis-

Bauer and Kahlert have investigated the hot elec- charge cw CO laser capable of up to 2 W on many
tron SdH effect in n-nSb 19,101 (as well as in n-lnAs lines between 5.15 and 5.6 pm. The laser is grating
[ I Ij and n-GaSb [121) using a pulsed electric field tunable and has a short term (-I s) amplitude stabil-
technique to avoid lattice heating [13]. For 5.9 X ity of ±1% [151. The TEMo0 laser beam is passed
10i and I X 1016 cm- 3 samples, TD varied with T through a Galilean type collimator to reduce the spot
so the Te values for various electric fields were deter- size and is then mechanically chopped to produce
mined from the longitudinal oscillations by the direct 20 ,s wide pulses (F.W.H.M.) at a repetition rate of
comparison method used by Isaacson and Bridges [8]. 1700 Hz. The 3.3% duty cycle of the chopper prevents
For a 6.9 X 101 6 cm- 3 (more highly degenerate) sam- lattice heating by the laser. The beam is focused onto
pie, TD was independent of TL, so Te values were ob- the sample so that the region between the potential
tained using probes is as uniformly illuminated as possible. A He-
A(T, 1) _ Te, i sinh(0Te,om'/B) Ne laser is used with a silicon PIN photodiode to pro-

o Teo (4) duce a trigger pulse for the sampling oscilloscope.
Calibrated filters are used after the chopper for beam

from the amplitudes of longitudinal SdH oscillations, attenuation.
little or no shift in the longitudinal SdH extremal The SdH oscillations are recorded using magnetic
positions was observed for these high concentration field modulation and sampling techniques developed
samples. by Kahlert and Seiler for pulsed experiments (16].

In the present study the conduction electrons were In the present work a constant dc current of 0.5 mA
heated, not by a large electric field, but by optical is applied to the sample. An ac magnetic field with
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Fig. 1. Block diagram of experimental apparatus.

an amplitude of 75 G modulates the sample conduct- an increase in electron temperature since the electrons
ivity at a frequency of 43 Hz. The signal at the sam- are in equilibrium with the lattice during these mea-
pie potential contacts, produced by the laser pulse surements. The fact that ionized impurity scattering,

and the field modulation, is fed through a high imped- which depends only on carrier energy, dominates the

ance differential amplifier into a Tektronix 7904/ momentum relaxation in lnSb below 40 K insures
7S1 4 sampling oscilloscope. The output of the sam- that the SdH amplitudes will be functions of electron
ping oscflloscope is fed into a lock-in amplifier tuned temperature and not lattice temperature.
to 43 Hz. The lock-in output is then plotted on an Fig. 3 shows several SdH traces taken with a con-
x-Y recorder against I1B. stant TL = 1.8 K. The bottom trace was taken with

The sample was cut from a bulk specimen of
n-inSb with an electron concentration of I X 101s

cm-3 and a Hall mobility of about 10' cm 2/Vs at
1.8 K. The front surface was optically polished with P=o

0.3 jim AJ20 3 polishing grit. The rear surface was
left rough to eliminate multiple reflections and etalon
effects. The sample dimensions were 5.63 mm X
1.65 mm X 0.1 mm thick. Two current contacts and
two potential contacts were made using indium sol- ' ,
der. -28

4. Results and conclusions I'_ ' 42
Li

4Fig. 2 shows SdH oscillations for lattice tempera-

tures TL of 1.8 to 11 K. It is quite apparent that the
SdH amplitudes decrease with increasing values of 0 5 10 15

TL. One also observes a slight shift of the extrema to B(IT')
higher magnetic field positions as observed in previ- Fig. 2. SdH oscillations for various lattice temperatures

ous SdH work by other authors 17,8,14]. This reflects without laser irradiation.
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UJ - Fig. 4. Plots of the function F of eq. (5) vs. lattice tempera-
C lure and peak incident laser power. The electron temperature

is extracted by comparing the two graphs for a fixed value of
'. The wavelengths are in micrometers.

- ~ -- the photon energy is greater than Eg + El:. The direct
-' (T") gap is -:235 meV and the Fermi energy is -2.5 meV.

Fig. 3. Effect of laser irradiation at different wavelengths and Plots of the function F, defined in eq. (5), versus
incident powers on the SdH oscillations at constant lattice TL and PI can be used to determine the electron tem-
temperature. perature for each particular wavelength and value of

Pt as shown in fig. 4 by making a one-to-one corre-
spondence between the two curves. An electron tem-

the laser blocked (i.e., P = 0). For all wavelengths perature can be extracted by the direct comparison
used, increasing the laser power decreases the SdH am- method since the quantities compared are not explicit
plitudes and again a shght shift of the extrenla to functions of the lattice temperature [181. As noted
higher magnetic fields is generally observed. Lattice earlier, this comparison method was first used by
heating effects are not present during the time scales Issacson and Bridges [8] in high electric field mea-
of the 20 ps laser pulses. This has been verified by sureinents to extract electron temperatures from SdH
imeasuring the election temperature at different time
positions during the 20 ps wide laser pulse. No
changes in electron temperature were observed during
the 20 ps where the laser power was constant. These 4

measurements show that any lattice heating makes an
insignificant contribution to the ele,:tron temperature -
for illuminahion on these time scales. The lattice ttle 5 3-0,

0 5 315constants have been estimated elsewhere and are 3 M b 245

found to he on the order of milliseconds [171. Thus 85
the Sdll oscillations are damped by increasing laser 6 9 27

power in a similar manner to the damping caused by ,,.. '0 72
higher lattice temperatures. Also shown in fig. 3 is a 2
Sdil trace for X = 5.39 pm for which Pi = 42.5 miW.
The decrease in the SdH amplitude is less than that
observed for X = 5.155 pm with P = 11.8 mW even ,100P 200

though the laser power is aliost a factor of tour Fig. 5. Electron temperatures (from fig. 4) vs. peak incident
greater. This indicates that the laser heating is cer- CO laser power for different wavelengths at TL 1.8 K,

tainly much great.,r for the shorter wavelength where together with CO2 laser heating data.

.. . . . . .. . . . . .I . . . .. .II
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data and has since been used extensively 1191. For increased. Te finally appears to saturate due to deple-
example, for X = 5.315 pim, a value of P = 72 mW tion of tile acceptor level: as there are only about
corresponds to a temperature of about 2,8 K. The 101 3 c1-1 uncompensated acceptors, the change in
electron temperatures determined from the SdH data concentration of a 10's cm-3 n-type sample is limited
in this manner are shown in fig. 5, together with some to approximately 1%. Te is higher for the higher pho.
results for the case of electron heating with a CO2  ton energy line for a fixed P since here the excess
laser. There is a quite striking non-linear behavior ob- energy .. i' is greater, so more heating occurs.
served for all CO wavelengths. In addition, for X\ = The photon energy of the 5.245 lpm wavelength is
5.245 Am an unusual dependence of Te on P, is seen, 236.6 meV and is sufficient to excite acceptor level
i.e., Te rises rapidly and then remains relatively flat, transitions but falls just short of being energetic
At the highest powers used, a decrease of about 20% enough to excite direct interband transitions at Te
is observed in the SdH period at X = 5.245 pim corn- 1.8 K. However, the electrons excited from the im-
pared to the period at the other CO wavelengths. purity level have a larger excess energy than in the

Comparing the CO laser heating data with the CO2  5.315 pm case and therefore substantial heating of
laser data shows that for fixed laser power Te increases the electron gas occurs for small incident laser pow-

with decreasing wavelength in the 5 pl CO region ers. As the electron gas in heated, the electron distri-
while Te increases with increasing wavelength for the bution function changes so that states are made acces-
two different wavelengths shown in the 10 pm CO2  sible for direct interband transitions. Hence, initially
region. Clearly, different absorption processes are at at lower electron temperatures the 'irect transitions
work in the two spectral regions. Free carrier absorp- were forbidden, but after heatiag of the electron gas
tion mechanisms must be used to analyze the CO2  by the photoexcited electrons produced from the
laser data: this is obviously not the case with the cur- acceptor level, these transitions become possible. How-
rent CO laser measurements. ever, the electrons excited from the valence band have

Absorption in lnSb in the 5 pm region is interest- very little excess energy and thus make no significant
ing. since it involves a variety of processes such as contribution to the electron temperature. Thus, the
interband and impurity level transitions, and free carrier clectron temperature is seen to rise quickly and then
absorption. The results presented in fig. 5 are due to level off as the acceptor levels are depleted and inter-
hot electron effects which involve these absorption band transitions commence.
processes. The results can be partially explained from This interpretation of the variation of the electron
a three level model consisting of a valence band, con- temperature with peak incident laser power is also
duction band. and an acceptor level lying 7- 10 meV confirmed by tile observed changes in SdH period at
above the %alence band. The effects of free carrier 5.245 pm. The electron concentration (as determined
absomrption re negligible compared to those of direct by the SdH period) remains constant until the elec-
interhand and acceptor level absorption processes. The tron temperature reaches about 3.3 K at a peak laser
photoexcited electrons are created with an excess power of -40 tiW. Thereafter. the electron corncen-
energy !' above the Fermi level by impurity level or tration increases with laser power. There is about a
interband transitions. The photoexcited electrons then 25% increase in concentration when the laser power
heat the carriers in the conduct on band via carrier-- is increased from 40 mW to 240 rW, even though the
carrier scattering resulting in a quasi-equilibrium state electron temperature remains fairly constant over this
with an increased electron temperature T. range.

Fihe 5.39 and 5.315 pim wavelengths used corre- The two shortest wavelengths studied (5.185 and
spond to photon energies ot 230.2 and 233.5 meV 5.155 pil) have photon energies of 239.3 and 240.7
respectively. These photon energies are sufficient to meV which are sufficient to excite direct interband
stimulate transitions from the acceptor level (but not transitions with a significant AE remaining as well as
the valence band) to the conduction band with a acceptor level transitions. The absorption coefficient
rather small AE remairiiig. Te is seen to rise with P, here becomes extremely large. so that the sample is
since the number of photoexcited electrons and hence no longer uniformly illuminated through its entire
the amount of electron heating is increased as P, is thickness. Instead, the radiation is absorbed almost
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252 D. G. Seiler et al. / Optically heated electrons in n.nSh

entirely in the first surface layers, resulting in intense 121 B.T. Moore, D.G. Seiler and It. Kahlert, Solid-State

carrier heating there. Consequently, Te shows a rapid Electron. 21 (1978) 247.

rise to high values for relatively small Pl. 131 A.E. Stephens, D.G. Seiler, J.R. Sybert and H.J. Mackey,

The optical heating data presented here can be Phss. Rcv. BII(1975)4999.
141 L.M. Roth and P.N. Argyres, in: Semiconductors and

compared to that which is obtained using only pulsed, Semimetals, ed. R.K. Willardson and A.C. Beer (Aca-

dc electric fields to heat the carriers. The increase of demic Press, New York, 1966) Vol. 1, Chap. 6, p. 159.

electron temperature with applied electrical power is [51 A. Goldstein, S.J. Williamson and S. Foner. Rev. Sci.
controlled by energy loss rates of the conduction elec- Instr. 36 (1965) 1356.
trons to the lattice fromn some combination of defor- 161 D.G. Seiler, B.D. Bajaj and A.E. Stephens, Phys. Rev.

B 16 (1977) 2822.

mation-potential, piezoelectric, or polar-optical pho- 171 K.F. Komatsubara, Phys. Rev. Lett. 16 (1966) 1044.
non scattering. We tind that it takes an applied elec- 181 R.A. lsaacson and F. Bridges, Solid State Commun. 4
tric field of :70 mV/cni to heat the conduction elec- (1966) 635.
tions up to an electron temperature of 5 K with the 191 G. Bauer and H. Kahlert, J. Plys. C6 (1973) 1253.

1101 11. Kahlert and G. Bauer, Phys. Rev. B7 (1973) 2670.
lattice at a temperature of 1.8 K. In contrast, the III] G. Bauer and H. Kahlert, Phys. Rev. B5 (1972) 566.

increase of electron temperature in the optical case 1121 11. Kahlert and G. Bauer, Phys. Stat. Sol. 46(b) (1971)
is controlled by absorption and recombination pro- 535.
cesses, as well as the above energy loss rates. 1131 A review of these and other electric field induced hot

In summary. Slubnikov-de Haas experiments electron experiments is given by G. Bauer in: Springer
Tracts in Modern Physics, ed. G. Hohler (Springer,

have been used to determine the increase in tetnpera- New York, 1974) Vol. 74, p. 1.
lore of the electron gas in InSb irradiated by a CO [141 V.t. Kalushkin, E.A. Protasov, A.G. Rodionov and

laser. The dependence of the electron temperature N.A. Toloknov, Fiz. Tekh. Poluprov. 8 (1974) 1786
upon incident laser power and photon energy is shown [Soy. Phys. Semicond. 8 (1975) 11541.

to provide information on the absorption processes [151 L.K. Hanes, M.S. Thesis, North Texas State Univ.,

in nSb in the vicinity of the band gap. Further exper Denton, TX (1977).
ints uSbing difercnty oncntrtind ap esthigheer- [161 H. Kahlert and D.G. Seiler, Rev. Sci. Instr. 48 (1977)
imients using different concentration samples, higher 1017.
powers. and more wavelengths will be performed to 117J C.D. Cantrell, J.F. Figucira, J.F. Scott and M.O. Scully,

provide additional information on these absorption Appl. Pltys. Lett. 28 (1976) 442.

and hot carrier generation processes. 1181 G. Bauer, in: Springer Tracts in Modern Physics,
(Springer, Berlin, 1975) Vol. 74, p. 15.

1191 For example, see ref. 19-121.

References

lII It. Moorc, D.G. Seiler and it. Kahlert, Bull. Am. Phys.
Soc. 22 (19771 460.

-



12

Volume 28 nunber 3 OPTICS COMIMUNICA1 IONS March 1979

ABSORPTION PROCESSES NEAR THE BANDGAP OF InSb:
LASER-INDUCED HOT ELECTRON AND PHOTOCONDUCTIVITY STUDIES

D.G. SELLER and L.K. HANES
Department of Physws Vorth Texas State Uoi'trsit.r, Denton, TX 7620., US..1

Received 8 December 1978

CO laser-induced photoconductivity measurenents in n-lnSb at 1.8 K are shown to give information on the amount of
carrier heating and the absorption processes near the bandgap. A model is presented to explain the observed dependence
of the electron temperature on the incident photon energy and laser power. The model is show\n to explain nonlinea, ab-
sorption effects recently observed in InSb b. Miller et al.

Optical absorption in InSb for photon energies sorption effects as well.
near the bandgap energy is an interesting and as yet The laser used is a sealed off. electrtc discharge cw
not fully lnderstood phenomenon. In ordet to clarify CO laser capable of up to 2W or rtan3 litnes having
the roles of tlie various absorption mechanisms we photon energies between 221.6 and 240.9 meV (5.6
have measured the photoconductivity of n-inSb under to 5.15 in). The laser is grating tunable and has a
irradiation from a mechanically choppeu cw CO laser. short term (-I s) amplitude stability of ±1% 131. The
The change it conduction electron mobility is calcu- TEMIsn laser beam is passed through a galilean t) pe
lated from the change in conductivity and an electron collimator to reduce the spot size and is then mechan-
tetuperat ore is extracted by comparison with lattice ically chopped to produce 20 /s wide pulses (fwhm)
temperature mobility measurements. A three level nto- at a repetition rate of 1700 lIz. The 3.3% duty cycle
del used to describe Shubnikov-de Ilaas (Sdll) hot of the choppei prevents lattice heating by the laser.
electron measurements is shown to adequately de- The beam is focussed onto the sample so that the re-
scribe the observed results tI . gion between the potential probes is as uniformly il-

Recentlyv Miller et al. [21 reported the observation lutntinated as possible. A He-Ne laser is used with a
of non-linear optical effects using a cw CO laser as the silicon PIN photodiode to produce a trigger signal for
light source. They found nton linear index of refraction the sampling oscilloscope. Calibrated filters are used
and absorption effects that became more pronounced after the chopper for beam attenuation.
for incident photon energies near the bandgap. In The photoconductive vol age is measured using the
particular. at 4 K the absorption substantially de- sampling oscilloscope. The sample was cut from a bulk
,reased with increasing laser power for photon en- specimen of n-lnSb with an electron concentration of
ergies near t ie bandgap according Io ihese authors. I X 101.5cm 3. a Ilall mobility of about 105cm 2/Vs,
Linear absorptiot was only observed at intensities <1 and a dark conductivity of 19.3 (ohm-cr) I at 1.8 K.
mW/co 2 . Miller et al. ruled out heating of the crystal The ftosnt surface was opticall\ polished with 0.3 pin
as a ntechanisnt to explain these phenomena. hut yet AI20 3 polishing grit. The rear strface was left rough
formulated no quantitative model to explain Iheir to eliminate multiple reflectiots and etalon effects.
data, We will show that our model not only cxplains The sample dimensions were 5.63 mm X 1.65 nun X
our photoconductivity results but these notlinear ab- 0.1 mm thick. Two current contacts and two poten-

32o

---- M o. .wl l.. .... _:_ll i l .c . ......
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tial contacts were made using indium solder. gap is about 237.5 meV. Thus for photon energies less
The photoconductive voltage Vp was measured for than 237.5 meV direct interband transitions are for-

five laser lines with photon energies from 230.2 to bidden and any change in n must come from impurity
240.7 meV. The measured photoconductive voltage is level transitiens and is necessarily small, as the number
plotted for the various photon energies as a function of of compensated acceptor states NA < ND, the number
incident laser power in fig. 1. The 230.2 meV (5.390 of donor states. Consequently for photon energies less
iim) and 233.5 meV (5.315 gm) lines show a rise in than 237.5 meV we have Ao = neAp.

with P1 and appear to be leveling off. The other For photon energies greater than about 237.5 meV,
three lines show a somewhat different behaviour. We direct interband transitions as well as impurity level
will show that different absorption and/or hot carrier transitions are allowed and both/ pand n can change
generation processes are at work in these two cases. substantially. Furthermore, since the absorption co-

The electron conductivity is a = nep where n is the efficient a increases several orders of magnitude over
carrier concentration, e the electron charge, and u the a narrow energy region for the interband transitions

* electron mobility. If o0, no, and P0 are the dark con- [4], the absorption is inhomogeneous even in the 100
ductivity. concentration, and mobility respectively, gim thick sample studied here. This inhomogeneous
then under photoexcitation we have a = o + Ao = absorption is the cause of the photo-conductive volt-
e(no + An)(j 0 + Ag) so that the change in conduct- age for the 239.3 and 240.7 meV lines being lower
ivity Ao to first order due to photoexcitation is Ao = than that of the sub bandgap energy 236.6 meV line.
epAn + enAp. The incident laser radiation is absorbed entirely in the

Since the direct gap of lnSb is about 235 meV and first surface layers, so that the rear side of the sample
the Fermi energy here is about 2.5 meV, the effective is essentially nonilluminated, resulting in a lower val-

ue of Vp than if the entire thickness was illuminated.
A quantitative analysis of Au for the highest photon

8c energy lines will not be considered here.
The fractional change in conductivity Ao/o is plot-

ted in fig. 2b as a function of incident power for the
230.2, 233.5, and 236.6 meV photon energies. This

>. 600

Ljj T = .8lt

407(0
> 020 020

uj400 -~= /P ,"a 230,2 mY
> . 239 3123 n

. .. . / • 233,5:

0.1 -/ 12 2365 6"
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L L {-0 2302

0200 - . "0.118 0.W
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•P !T
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: Fig. 2. (a) Fractional change in mobility as a function of
lattice temperature at zero incident laser power. (b) Fractional

Fig. 1. Photoconductive voltage as a function of incident la- change in conductivity due to photo excitation for three CO
ser power for five CO laser photon energies. laser photon energies.
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may be directly compared to the A/L/p plot in fig. 2a value of T, for fixed PI. The 230.2 and 233.5 meV
for all points of the two lower energy lines, as n is line appear qualitatively similar, with the 233.5 meV
known to remain essentially constant for all values of line exhibiting a saturation at high values of Pl. It ap-
PI from Shubnikov-de Haas measurements [11. Thus pears that the 230.2 meV line would saturate at higher
an electron temperature can be extracted by a direct incident power. The behaviour of the 236.6 meV line
comparison of the two graphs since the quantities com- is completely different from the other two. The values
pared are not explicit functions of the lattice temper- of Te extracted from the SdH measurements are lower
ature [5]. This is due to the fact that ionized impurity than those shown in fig. 3 because the magnetic field
scattering, which depends only on carrier energy, dom- is known to cool the electron gas [6].
inates the momentum relaxation in lnSb below 40 K. A three level model consisting of the valence band,

The 236.6 meV line is interesting, since it is known the conduction band, and an acceptor level lying 7-10
that for P above -50mW the electron concentration meV above the valence band is considered. For photon
n does not change, while for PI above -50mW n rises energies high enough to stimulate transitions from the
while Te remains approximately constant [1 ]. Then valence band or impurity level to the conduction band
for P < -50 mW Au/o = Ali/p. Thus the graphs can the effects of free carrier absorption are negligible in
be used to extract an electron temperature for PI < comparison.
-50 mW for this photon energy. Since p x Te and Te The photoexcited electrons are created with an ex-
remains constant for Pi greater than -50 mW, then in cess energy of AE above the Fermi level by impurity
that region Ao/a = An/n. Since the hole mobility is level or interband transitions. The photoexcited elec-
very much less than the electron mobility, we can ne- trons then heat the carriers in the conduction band via
glect the change in conductivity due to the change in carrier-carrier scattering resulting in a quasi-equilib-
hole concentration for the case of direct interband rium state with an increased electron temperature Te .

4 transitions. Calculations for PI >50 mW show about The model is illustrated in fig. 4.
an 18% changc in n, in agreement with the SdH data At photon energies less than EG + EF (bandgap
[Il. The absorption mechanisms for this photon en- energy plus Fermi energy) direct interband transitions
ergy are discussed more fully in the next section. are forbidden. However, if the photon energy is greater

The electron temperatures extracted from fig. 2 are
plotted for each photon energy as a function of P in e0- scattrnt Heau
fig. 3. The higher the photon energy, the greater the Elect.Gas

Pae te d dtade
so

F ~~~ kgOing-li ~ ::~LElttyr~'°I/i o=,. le,,,.-G
7.0 -j

5.0 .4. lutrainown

4.0e exrce y o prsn ffg a ihfg 2.teip rilee.

L 230.2 moY

328
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I-ig. 4. Illustration of the three level model showing heati.ng
Fig. 3. Electron temperature as a function of incident laser of the conduction electrons by photoexcited electrons from
power extracted by comparison of fig. 2a with fig. 2b. the impurity level.
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than the energy gap between the impurity level and
the top of the Fermi level (hw > EG + El: -- EA, EA
7 -- 10 meV [7] ) then transitions between the im-
purity level and conduction band are possible. The
photoexcited electrons heat the conduction electrons
as described above. As the laser intensity is increased, k "
more photoexcited electrons are produced until all N
the compensated acceptor states are depleted. At that E
point a saturation effect should be observed in the - - ---

electron temperature, as no more electrons can be ex-
cited to the conduction band to produce heating of
an electron gas. c Domsity

For photon energies greater than EG + E:. both V oalunc Rtr• Photon From Valence Boric

interband and impurity level transitions can occur.
Owing iu tle large magnitude of the interband ab-
sorption coefficient, the interband transitions com- Fig. 5. Induced absorption by carrier heating for photon en-
pletely dominate over tile impurity level transitions. ergies close to the effective bandgap energy.

In this case, absorption in the sample is no longer
homogeneous and no saturation effect in T is ex- band become inhibited. Thus the transmission should
pected or observed to occur, increase with increasing incident laser power. The ef-

At photon energies just slightly below the effective fect becomes pronounced for higher photon energies
band gap (about I meV less than EG +El) an inter- since the absorption coefficient QA is related to the
esting effect occurs. Initially interband transitions are photon energy hw and the concentration of ionized
forbidden, so that impurity level transitions alone heat acceptors NI by [81
the conduction electrons. As the laser power is in- aA Nt(hw - EG + EA) 112/hw
creased, the healing of the electron gas causes the
Fermi distribution to "tail off", resulting in states which increases with photon energy for energies ap-
being made accessible for interband transitions. This proaching the bandgap. As the incidert laser power
induced absorption effect is illustrated in fig. 5. The is increased, then, N! approaches zero and the absorp-
electrons excited from the valence band have in effect tion decreases.
a negative excess energy AE, since they arrive below On the basis of our model established from photo-
the mean energy of the conduction electron gas. conductivity measurements and the form of the fre-
Hence the electron temperature should rise quickly quency dependence of the acceptor-transition absorp-
with PI and then level off as the induced interband tion coefficient, it is clear that the absorption should
absorption commences, decrease with increasing PI and increase with photon

Using the three level model presented above, the energy, as observed by Miller et al.

decrease in absorption with increasing incident laser In summary, photoconductivity measurements
power observed by Miller et al. [2] is readily under- have been made for several photon energies both be-
stood. They observed this effect atnw <EG for a low low and above the effective bandgap of InSb. By cal-
concentration sample of n-lnSb so that only impurity culating the change in mobility of the conduction
level transitions are allowed, and tile absorption as well electrons due to photoexcitation. electron tempera-
as the change in absorption became greater as tile pho- lures were extracted by comparison with measure-
ton energy was increased. tuents of tile mobility as a function of lattice temper-

As the incident laser power is increased, a rate equa, ature. The hot electron measurements are shown to
tion analysis based on our model predicts that the num- be able to directly provide information on the absorp-
ber of co npensated acceptor states available for ab- lion processes in n-inSb for energies near the bandgap.
sorption will become depleted, so that the absorptive
transitions from the acceptor levels to the conduction We acknowledge the financial support of this pro-
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NEW INTRABAND MAG1NETO-OPTICAL STUDIES ON n-InSb

ti D.G. Seiler and M. W. Goodwin

Department of Physics

North Texas State University

Denton, Texas 76203

Over the past 20 yea rs ragneto-optical studies in semiconduc-

tors have proven caiuable of accurately determining energy band par-
am.eters because of the optical transitions that occur between mag-
netically cuantized electronic or impurity states. in addition,
interesting features i: tne optical and photoccnducti-e properties
are observed that are caused by the electron-phonon interaction.
Here we present sone novel features of the magneto-optical proper-
ties e f n-InSb that reresent: a new development tc this well-estab-
lished field of solid state Fhysics. Resonances are observed in the
C2 laser-induced :ag.etoihotccundutivity whose ps ions depend

stron .ly urion [rnu on energy. The results 1.rcvide the first direct
evidence of emission of five opri cal ;honons d-irii.c tlhe energy re-
lax~ticn process sf the h-oto-ex- ited clectrris created by a CO
laser in n-InSb. All observed transitions can be described wit
one single set of band parameters.

Because of the low carrier density the absorption coefficient
is small (-10-2 (_n- 3-) cnd a:iv direct rnEasU1"ement of the changes in
transmission with magnetic field are extremely difficult to detect.
However, photoconuctivitv measurements are cabable of detecting
-eak magneto-coptical transitions. A high photoconductive signal-to-
ncise ratio %,-as obtained with the same ex;cerimental ar-paratus shown
in the block &iacram given in a recent paper by Seiler et al. 1  To
our knowledge this Is the first time magneto-optical data have been
obtained while simulcaneously using both sami.ling oscilloscope and
lok-in amplifier teL-hniques. The resonant structure is recorded
using magnetic field modulation~arnd sampling oscilloscope technicues
developed by Kahiert and Seiler'_ for pulsed electrical experiments.
However, it is also applicable to these magnetv-optical studies and
thus can be used to great advantage in imiproving signal-to-noise
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ratios in photoccnductivity : "easureerts. In the .Dresent work a
cons:ant dc electrical current is ar'olie2 to the sacw1e while an ac
::.netic field of 75siciitu]e :5 nc ulates the sa-rl1 conductivity
at a frequency of 43 *iz. T'he rIiozoconductive signal ,produced by the
laser uUlse and ta-e field ,ioulation is fed through a hich inmredence
differential an:iifier into a .ekzroni.: 7?04/7 S!4 sa-.Ulirnc oscillo-

scc,!:e. The out-.,at of the sa'-riolin oscilloscoiae is fie into a lock-

in artclifier tune_ to 86 Hz which results in a lock-in detector re-
s .cnse proportional to the second derivative of the photoconductive
s:ganal. -T.he n-type InSb sample has a net carrier concentration at
1.1 -, of about 2 x 1014 c- 3 as determined by Hall coefficient -eas-
urer:.ets, in all cases the electric field of the laser and the cur-
rent throuch the sam.:,le are both _oarallel to the -.acnetic field di-
rection.

Figure 1 sho-.7s reproductions of the outcut of tne lock-in arn-
czlifier at 0 and 130 .',W of ceak incident laser power P? for a wave-

length of 9.24 :n and a lattice ten-erature L of 1.3 ;. For all
-races recorded a current of 5.5 r.A is applied to the sa'-ple which
outs the current-voltae characteristics well into the non-ohmic re-

-ime. This maxioises the observed resonant structure. "races taken
..,;t successive!, smaller currents down to 25 LA (,,,ell within the
om4c reqime) show nc chances in the :ositions of the ontically in-
o'ced structure. As the peak incident power is increased, a series
of sharply defini resonant resistivity ninima develop that are per-
iodic in inverse magnetic field. This periodicity suggests some type
of resonance behavior involving Land.au Levels. Close inspection of

_ , ):9.24Am

IM .'' .t ,. . 180
I ' I r ' I

ca

: i:TL_1,eK

2 3 45

=8 IT-10

Fig. 1. ?.esonant iv spocru' at 180 M4 of

roak inci<en t iaser p ower. The arrows show, th~e hot elec-
tron -azn(-to[:honon resonances observed as resistivity minima
1y Strafling and Wood 3 for P = 0.

I - . . .... ... .. ..... . . . ... ...... ...
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thr minima reveals an alternating series of oscillations which we

identify as being caused by spin-szlitting of the Landau levels.
;ith increasina magnetic field, the resonant minima structure in-
creases in ar-mlitude and become much -iore sharply defined, a behavior
tvTicallv associated with the density of states in a magnetic fiel.

The resonant minima structure exhibit a strong deoendence on
photon energy for :avelengths between 9.24 ;.-m and 10.35 '-i, as ex-
pected for Landau level related transition enercies. For decreasing
photon energies or increasing wavelengths as seen in -ig. 2, the per-
iods of oscillation become larger, which shifts the minima oositions
to lor,,er magnetic fields. The intraband transition energies at these
resonance n;ositions are rlotted in the usual "fan chart" 'ianner as
shown in Fig. 3. These resonance positions extranolate to a large
eneray value which w-e interrret as beinc 5 tines the ,O nhonon en-
ergy, which means that the final 7" and initial -i state energies of
the electron differ by less than one LO ohonon energy. Conservation

of energy consideration(s lead to

F i LO

.!i K9.24gm

V2 b2a3 3

" .9.55

a2
b 2

bl
9.66

c.

a2 a3 b3
b2

atb

a 2 3 4 5

b22
I -

II

Fig. 2. Photo,-cnduIlc- _vity si,,ctra for vari ous CO 2 laser wavelengths.

The str:tu tre is laibeie by the final state Landau Levels
as shy:n in Fig. 3, while a and b reuresent the spin up and
soin co.n levels, respectively.

.' , :,I
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wnere ',. is the iuhotar, enercrv., mn is the integer equal to 5, and-41WL
is the tLO ohonan ener-iv. Selection rules should rnot ne imnortant L
ror these transitiorns as thc- -,tica" transitions occur in very highly
nonnarabolic ener,.-v bands. Neuse Johnson and Dicke-.'s model 4 to
calculate the 7-a.-1 u c:;ergy level variation with macnetic field. We
find t-hat tha calzculated resonan~ce positions do not agree very well
with the observed positions if the lowest Landau level is chosen as
the initial state and the final state is a hiqher Landau level.

At low electron concentrations and low temoneratures InSb is well
.-riwr toexibit nao::etic freez= out effects whic octur when free

elect-rons oeccrie more and more localizend to the donor sites. Even
moderate macfnetic fields (<lT) oro~duce binding enerqies E13 Of several
mev. Consequenti., we acoo.t a model where the initial state is a
magnetically ir~;ced donor impuirity level or impurity band just be-
low the lowest Landau level. in all the L andau level calculations
we have used the fo:llcWin band parameter values that were used or
determined by 7Johnscn and Dickev'14 : Ec0 = 236.7 rneV, A =- 810 meV, and
a g-factor =-51. 3. EYvcn thoucrh EB has been shown to vary as B1 1

for magnetic field s qrcater than 5 T,5 we find that for the low miag -
nicfields usced in zhis exrT-eriment, c. exhibits a behavior such

that the inui''le,.'el or impurity band essentially remains station-
an, w:hile the low.-est Landau level moves up in energy by 1/2 -5weC.
Te c:urved_ linEs inFig. 3 are calculated for rm = 5, -"5wzC = 23.6 MeV

an_ -* = 0.0145 m. T1here is e,:cellent agreement between the ob-
serve_-d resornn -oitiorns an-- th-e theoretical lines. T-he value of
the LTO Thcncn energy is in reasonable agreement with the result of

0.0 0 4 . 1.2
MAGNETIC FIELD IT)

fig. 1ntr_-. n. tran~sition. energies -'rsus rn-qnetic field. The
lines .:r2 calcula~ted with toaranmcters a,3 discussed in the
text. Thne na-nbers represcent the Land,-au level number and
the cnn c:cs a.iclos-~d circles the spin up and spin
down minvntiz States, respoctively.
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24.4 i 0.3 me% from Johnson and Dickey's .crk 4 and other 3etermina-
tions listed b. ::aas:. The band edge effective mass value of 0.0145
m also agrees au:te well with other studies, as do the resultingC.
values of C-B at these low macnetic fields.

-he chvsical origin of the resonant suectroscov effect in the
magnetozhotccondu ztivt, is quite easy to understand and rerresents
a novel arLlication of the ohotoconductive "'electron bcloneter" ef-
fect or Putle-: hot electron detection trincinles to the study of
intraband mac-net-o-ti.s. • In this case, the photoconductivity is

an excellent tool for zhe determination of transition energies and
should be viewed as arising from the absorption processes in which

the 002 laser radiation sigrificantly changes the mobility rather
than the nr'ni er cf free carriers. The initial state of the electron
i---::h: be either the !:,.est Lardau level or the dorncr impurity state
with a magi.etic fied induced binding energy. 7n electron thus un-
deraoes a transition taking it high into the Landau level conduction
bands. Energy relaxatoon then takes _clace by the successive emission
of longitudinal o_;tical ohon-ns leaving the electron in a final state
of a Landau level. which Landau level depends unon the magnetic
field and the zhoton energy!. The electron, in its final state, then
interacts weakly with the lattice because of the dominance of ionized
impurity scattering in n-inSb at 1ot', temperatures. it is thus nos-
sihble to maintain a steacy state for these electrons which have a
mean enery an-rc-cia bly reater than their therral energy_. Conse-
quently, the cn/uctivity increases. Fizing the ihnton energy and
s'.wee.ning the maOnCtic field allows the observation cf conductivity
r-axima in the hot.:'coinductivity sicnal which reflect the nagnetic
field cuantization and singularities in the density of states.

The authors gratefully ack-nowl.-edg,-e the ipartial support of this
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an" ; J. Moore.
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ABSTRACT

A highly sensitive photoconductive technique has been

used to provide the first direct evidence of emission of

five optical phonons during the energy relaxation process of

thephotoexcited electrons induced by a CO2 laser in n-InSb.

The CO2 laser-induced magnetophotoconductivity exhibits a

number of very sharp resonances whose positions depend

strongly upon photon energy. All observed transitions can

be described with one single set of band parameters.

L=_
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Over the past 20 years mrn(Tnoto-optical studies in semicon-

ductors have proven capjable of accurately determining enerqy band

parameters because of the optical transitions that occur between

magnetically quantized electronic or impurity states. In addition,

*I interestinq features in the optical and photoconductive properties

are observed that are caused by the electron-phonon interaction.

These include such effects as oscillatory photoconductivity and

phonon-assisted cyclotron resonance (PACR) harmonic transitions.

In this letter we present some novel features of the magneto-opti-

cal properties of n-lnSb that represent a new development to this

old, well established field of solid state physics. A highly sen-

sitive technique is used to record extremely sharp resonant struc-

ture in the magneto-photoconductivity induced by a CO2 laser at

much lower magnetic fields than have been used previously by other

workers. The results directly show that the intraband magneto-

).t:ical transitions involve the subsequent emission of multiple

]frnqitudinal optical (LO) phonons.

The phenomenon is quite easy to understand and represents a

novel application of the photoconductive "electron bolometer"

efect or Putley hot electron detection principles to the study
~1

of intraband magneto-optics. In this case, the photoconductivity

is an excellent tool for the determination of transition energies

and should be viewed as arising from the absorption processes

in which the CO2 laser radiation significantly changes the

I2



25

mobility rather than the number of IFree carriers. The initial

state of the electron might be eith(r the lowest Landau level or

the donor impurity state with a macqnetic field induced bindinT

energy. An electron thus undergoes a transition takinq it high

into the Landau level conduction bands. Enercy relaxation then

A takes place by the successive emission of longitudinal optical

phonons leaving the electron in a final state of a Landau level.

Which Landau level depends upon the magnetic field and the photon

energy. The electron, in its final state, then interacts weakly

with the lattice because of the dominance of ionized impurity

scattering in n-InSb at low temperatures. It is thus possible to

maintain a steady state for these electrons which have a mean

energy appreciably greater than their thermal energy. Consequently

the conductivity increases. Fixinq the photon energy and sweeping

themagnetic field allows the observition of conductivity maxima

in the photoconductivity signal which reflect the maqnetic field

qu.ntization and singularities in the density of states.

Because of the low carrier density the absorption coefficient

i : small (-10 cm - ) and any direct measurement of the changes in

transmission with maqnetic field are extremely difficult to detect.

However, photoconductivity measurements are capable of detecting

weak magneto-optical transitions. A high photoconductive signal-

to-noise ratio was obtained with the same experimental apparatus

shown in the block diagram given in a recent paper by Seiler et

al. 2 To our knowledge this is the first time magneto-optical

data have been obtained while simultaneously using both sampling



26

oscilloscope and lock-in amplifier l-echniques. The n-type InSb

sample has a net carrier concentiation at 1.8 K of about 2 
x 1014

-3

cm as determined by Hall coefficient measurements. In all cases

the electric field of the laser and the current through the sample

are both parallel to the magnetic field direction.

The resonant structure is recorded using magnetic field

I modulation and sampling oscilloscope techniques developed by Kahlert

3
and Seiler for pulsed electrical experiments. However, it is

also applicable to these magneto-optical studies and thus can be

used to great advantage in improvinq signal-to-noise ratios in

photoconductivity measurements. In the present work a constant dc

electrical current is applied to the sample while an ac magnetic

* field of amplitude 75 G modulates the sample conductivity at a

frequency of 43 Hz. The photoconductive signal produced by the

laser pulse and the field modulation is fed through a high impe-

dence differential amplifier into a Tektronix 7904/7S14 sampling

oscilloscope. The output of the sampling oscilloscope is fed

into a lock-in amplifier tuned to 8(, Hz which results in a lock-in

detector response proportional to the second derivative of the

photoconductive signal.

Figure 1 shows reproductions of the output of the lock-in am-

plifier at various peak incident laser powers PI for a wavelength

of 9.24 ,m and a lattice temperature TL of 1.8 K. For all traces

recorded a current of 5.5 mA is applied to the sample which puts

the current-voltage characteristics well into the non-ohmic regime.

This maximizes the observed resonant structure. Traces taken with
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successively smaller currents down to 25 pA (well within the ohmic

regime) show no changes in the positions of the optically induced

structure observed. The structure present at P1  0 are hot elec-

tron maqnetophonon resonances which have previously been observed

4
by Stradling and Wood. These authors found resistivity minima

at- the magnetic field positions shown by the arrows in Fig. I.

As clearly seen in Fig. 1, there is excellent agreement between

our data and theirs. As the peak incident laser power is increased,

a series of sharply defined resonant resistivity minima develop

that are periodic in inverse magnetic field. This periodicity

suggest some type of resonance behavior involving Landau Levels.

Close inspection of the minima reveils an alternating series of os-

cillations which we identify as being caused by spin-splitting of

the Landau levels. With increasing magnetic field, the resonant

minima structure increases in amplitude and become much more

sharply defined, a behavior typically associated with the density

of states in a magnetic field.

The resonant minima structure exhibit a strong dependence on

photon energy as seen in Fig. 2 for wavelengths between 9.22 pm

and 10.35 pm, as expected for Landau level related transition

energies. For decreasing photon energies or increasing wavelengths,

the periods of oscillation become larger, which shifts the minimum

-4 positions to lower magnetic fields. The intraband transition

energies at these resonance positions are plotted in the usual

"fan chart" manner as shown in Fia. 3. These resonance positions

extrapolate to a large energy value which we interpret as being

5 times the LO phonon energy. Conservation of enerqy considerations

lead to

EF - E LO, (i)
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where diw is the photon energy, BF arid E. are the final and initial

state energies of the electron, m is the integer equal to 5, and

w LOis the longitudinal optical phonon energy. Selection rules

should not be important for these transitions as the optical tran-

sitions occur in very highly nonparibolic energy bands.

The data indicates that the final and initial states of the

electron differ by less than one LO phonon energy. Consequently,

we use Johnson and Dickey's model5 to calculate the Landau energy

level variation with magnetic field. We find that the calculated

resonance positions do not agree very well with the observed posi-

tions if the lowest Landau level is chosen as the initial state

and the final state is a higher Landau level.

At low electron concentrations and low temperatures InSb is

well known to exhibit magnetic freeze out effects which occur when

free electrons become more and more localized to the donor sites.

Even moderate magnetic fields (<lT) produce binding energies E

of several meV. Consequently, we adopt a model where the initial

state is a magnetically induced donor impurity level or impurity

band just below the lowest Landau level. The resonance condition

then becomes

* = E - (E - E B ) + mnLO (2)

where Eao is the lowest N =0 spin split Landau level.
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In all the Landau level calculations we have used the follow-

ing band parameter values that were used or determined by Johnson

and Dickey Eg = 236.7 meV, A 810 meV, and a g-factor = -51.3.

The theoretical relationship given in Eq. (2) can then be

used to find values of m*, EB' and nOw that give a best fit to
B" LO

the experimental data. Even though cB has been shown to vary as16

BI/ 3 for magnetic fields greater than 5 T, we find that for the

low magnetic fields used in this experiment, EB exhibits a behavior

such that the impurity level or impurity band essentially remains

stationary while the lowest Landau level moves up in energy by

1/2 tc" The curved lines in Fig. 3 are calculated for m = 5,
c

w = 23.6 meV and m* = 0.0.145 mo. There is excellent agreement
LO0

between the observed resonant positions and the theoretical lines.

The value of the LO phonon energy is in resonable agreement with

the result of 24.4 j 0.3 meV from Johnson and Dickey's work 5 and

7
other determinations listed by Haas. The band edge effective

mass value of 0.0145 m0 also agrees quite well with other studies,

as do the resulting values of f-B at these low magnetic fields.

In summary we have presented sensitive photoconductive effects

in n-InSb at the medium infrared wavelengths near 10 microns.

Initially the high energy photo-excited electrons undergo a fast

exchange of energy with the lattice through multiple LO phonon

emissions. The electrons, now much reduced in energy, lie below

the LO phonon emission energy threshold. The coupling of the

electrons with the lattice then becomes so weak in this secondary

stage that even for small electric fields (-l V/cm) the steady
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state energy of the carriers is appreciably greater than the ther-

mal equilibrium value. A significant change of conductivity can

therefore occur which results in photoconductivity in the manner

as was discussed by Putley in the far infrared range of 100 Pm.

The physical picture in the second stage of the photoconductive

phenomena at 10 pjm, as observed in the present work, is a rather

faithful image of the physical processes governing the InSb photo-

conductivity in the wavelength range of 100 to 1000 Vm. We have

employed this novel 10 jim photoconductivity technique to study the

macgietic level structures and associated cyclotron-resonance tran-

sitions in the 100 pm energy range. The sharp and well-defined

structure in the magnetophotoconductivity enables measurements

of the Landau level structure at magnetic fields much lower than

has been possible in previous far-infrared magneto-optical studies

in the wavelength region around 100 vim.

The authors gratefully acknowledge the partial support of

this research by the Office of Naval Research and the helpful

comments from B. 0. McCombe, W. J. Moore, and D. H. Kobe.
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FIGURE CAPTIONS

Figure 1. Photoconductive spectra for different peak incident

laser power PI. The arrows show the hot electron

magnetophonon resonances observed as resistivity

minima by Stradling and Wood.

Figure 2. Photoccnductive spectra for different CO 2 laser wave-

lengths. In each case the peak incident laser power

is somewhat different. The structure is labeled by

the final state Landau levels shown in Fig. 3.

Pigure 3. Intraband transition energies versus magnetic field.

The lines are calculated from Eq. 2 with parameters

* as discussed in the text. The numbers represent the

Landau level number, while a and b represent the spin

up and spin down magnetic states, respectively.
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Within the past decade magneto-optical ex-
periments have proven capable of providing infor-
mation on energy band structure in solids. The
influence of the lattice on the magneto-optical
properties is also quite significant and gives
information on the electron-phonon interaction.
In particular, phonon-assisted cyclotron reson-
ance (PACR) experiments can yield valuable infor-
mation concerning the electron-phonon coupling
mechanism under the influence of a photon flux.
Because of the weak coupling, such experiments
in n-type InSb have been primarily limited to
one I- 4 and possibly two phonon ,'5'6 emission by
the electron during photon absorption. In this
paper we report resonant structure in the CO2
laser-induced magnetophotoconductivity of n-InSb
at liquid helium temperatures that can unambigu-
ously be attributed to a three-phonon emission
process. 13 -3

The low concentration (9x10 cm ) and the
correspondingly low free carrier absorption co-
efficient (=0.01 cm-1 ) in the 10 pm spectral re-
gion prevents the observation of small changes
in the transmission. However, photoconductivity
measurements provide a much more sensitive means
of determining small changes in the absorption.
The measurements are done by using a variation on
a combination of sampling oscilloscope and magne-
tic field modulation techniques. 7- 9 The output
of a grating-tuned cw CO2 laser is mechanically
chopped at 1500 Hz with a low duty cycle to pre-
vent lattice heating. The resultant peak power
is several hundred milliwatts.

A portion of the results of our studies for
various wavelengths is shown in Fig. 1. The elec-
tric field of the laser and the current (I = 13
mA) through the sample are both parallel to the
magnetic field direction. The detector response
is proportional to the second derivative of the
photo-induced magnetoresistance and is plotted
against inverse magnetic field in units of inverse
Telsa. The arrows point toward resistance minima
and the numbers designate the final state Landau
levels as shown in Fig. 2. The observed ampli-
tudes of the resonant structure seen in Fig. 1
contain the effects of the magnetic field modula-
tion method. Changes in the photoconductive vol-
tage caused by resonances in the photo-induced
magnetoresistance are clearly resolved in the
data shown in Fig. 1. Notice that there is also
a shift in the minimum positions to higher magne-
tic field with higher photon energies. This is
consistent with Landau level related resonances
as we will now show.
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From an energy conservation point of view
PACR is easily understood. As is usually stated,
at resonance an electron occupying an initial
state ei in the lowest N = 0 Landau level of the
conduction band will absorb a photon of energy
hw while successively emitting m longitudinal
optical (LO) phonons of energy thwo to arrive at

some final higher Landau level e. This reson-
ance condition is usually stated as follows:

*1 = ef - e + . (i)
i 0

Whenever the above equation is satisfied, reson-
ant behavior in the photoconductivity occurs and
may be observed if the right conditions exist.

To understand quantitatively the shift of
the structure, the observed positions of the mini-
ma in the resistance (maxima in the conductivity)
are plotted in Fig. 2 as a function of magnetic
field for nine wavelengths between 10.27 and 10.81
Um. The lines represent our theoretical calcula-
tions based on Eq. (1) where we have used the
Landau level model of Johnson and Dickey4 along
with their band parameters (g = -51.3, E = 236.7
meV, m* = 0.0139 mO ), to calculate cf and Ci .

The electron, initially in the lowest N = 0 spin
up Landau level, is excited to the same spin state
of some higher (N >0) Landau level. The lines
give the best fit to the data when m = 3 and 'ow=

24.5 meV. This value for the phonon energy is in
excellent agreement with the 4value 24.4 meV deter-
mined by Johnson and Dickey.

Also shown in Fig. 2 are the resonance posi-
tions observed in the photo-response of a sample
of n-InSb irradiated by a CO2 laser (117 meV) by
Morita et al.1 0 Even though their data was taken
in a transverse configuration (tLg), it is in
good agreement with our data and our theoretical
calculations.

To understand qualitatively the origin of
the resonant structure in the photoconductivity
we must now discuss the nature of the electron
distribution function an3 how it is related to

'4 the photoconductivity. The electron distribution
function at low temperatures and in the presence
of the laser radiation has been discussed by
Levinson and LevinskiiI I for the case of zero
magnetic field. They consider two energy regions:
(1) an active region where c > tw 9 and emission
of optical phonons predominates with a character-
istic time Tpo = 10-12 sec. and (2) a passive re-
gion where c <w 9 and the emission of optical
phonons is impossible. Energy relaxation in the
passive region takes place through acoustic pho-
non scattering with a characteristic time TA =
10-8 sec. Electron-electron collisions dominate
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in the passive region and thus a Maxwellian
distribution can be established. However, the
electron density is not sufficicntly high fur
electron-electron cnllifions to dominate in the

active region until a concentration of 10l8cm- '
is ruacdhcd. Levinson and Levin.ski i I have des-
cribed tL, w-icrly distributic,n of the photo-
excited el,.- trons and iiven a form of the elec-
tron distribution function which exhibits peaks
in the act:ivc rt-qion due to the cascade emission

of ootical ohonons.
The observed prioto-induced resonant struc-

ture involves three phonons and therefore must
be produced by a fourth-order process involving

4 the electron-radiation HR and the electron-lat-
tice HL interactions. In deriving the transi-
tion rate due to the intraband m~gnetoabsorption

it is helpful to consider the Feynman diagram in
Fig. 3. The transition rate can be obtained in

the usual manner by Fermi's Golden Rule which
gives the probability per unit time that a trans-
ition is induced by a photon from the initial

electron state Iki,ci> to a final electron state
]kf,Ef> with the emission of three LO phonans,

W271 E IM fi, 2  (tf Ci  -'hw+ 31 '2)
Wi-f T f- f - o '

where a sum over the appropriate final states is

indicated. We assume that only LO phonons at the
zone center are involved and their dispersion can
be neglected. The transition matrix element cor-
responding to Fig. 3 is

<.f!H 'Y <yIH t jpLVL LM - 6 (E i-C  2) ,,_o ) (E i-C P oT1W ) (Ei- C

where the sum is over all intermediate states

B, y, and Ei =i + 1iw. The energy of the elec-
tron in state u is ca, etc. There are three other
diagrams, similar to Fig. 3, in which one or more
phonons are emitted before the photon is absorved.
At low temperatures phonon absorption processes
can be neglected.

If the summation is replaced by an integral
over the energy, Eq. (2) becomes

W01 = - Mi g("f)g3phonons 4

where g(cf) is the density of the electrons at the
final electron enerqy Ff = i + fiw - 3Iiwo , and
93phonon is the constant density of states for the
three phonons.

The absorption coefficient can then be written
as
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Wi~f
K(-) n< Flux of photons i ')

where the flux of photons N(w) c/4/e) and
< >i denotes the average over initial states.
Here n is the electron concentration, N(w) is the
number of htons per unit volume with frequency
w, and c//E(w) is the velocity of light in the
medium, where c(w) is the real part of the dielec-
tric constant. The averaging over initial states
produces a convolution of the density of states
with the result that

K M n Mw f dF-ig(C i ) f ( Ei
)

K(w) = N(w) NT  0dg f )

2ir

X- g(f)g3phonons ' (6)

where

NT = f i g(i e

is the total number of electrons present. Conse-
quently, the absorption coefficient contains sin-
gularities due to the presence of singularities
in the density of initial and final states. If
some of the energy denominators in Eq. (3) for
Mfi are small, the transition matrix element can
also exhibit resonances. However, the data seems
to indicate that such matrix element resonances
are not significant. Thus, if either the photon
energy is fixed and the magnetic field is varied
or if the magnetic field is held constant and the
photon energy varied, resonant structure in K
should be observed. The photoexcited generation
rate is directly proportional to the product of
the absorption coefficient given in Eq. (6) and
the optical intensity. Thus, the generation rate
contains the density of states singularities.
Initially, this generation rate into the final
electron state is much greater than the energy
loss rate out of the final electron state. How-
ever, in steady state the two rates become equal

* and a steady state distribution function results.
Consequently, the distribution function in the
presence of laser light exhibits peaks at certain
energies just as in the case presented by Levinson
and Levinskii.

If we define an effective relaxation time
which is only a function of the electron energy,
the photoconductivity Az in the longitudinal
case for sufficiently low electric field is ap-
proximately

2 M(f-f 2= -e Z oN(k) VD2(efAOZ --- N,kz eff()v )* (7
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where e is the electronic charge, Q is the volume
of the crystal, f is the distribution function in
the presence of the laser, f. is the distribution
function in the absence of the laser, £ is the
electron energy, vz() is the z-component of the
electron velocity which is dependent upon energy,
Teff is the relaxation time dominated by ionized
impurity scattering (which varies as c372) and the
sum is over all electron states.

Using a very simple model, we can approximate
the difference in the distribution function with
a sharp peak at the final electron energy ef of
width approximately equal to the spread in the
initial electron energies. If we approximate this
peak by a 5 function, we have

f- f = Nf 6(F- ,f) (8)o f

The number of electrons in the final state Nf is
related to the steady state condition where the
generation rate equals the loss rate out of this
state and must be << NT, the total number of elec-
trons. If broadening were included, the delta
function could be replaced in the usual manner
with a Lorentzian shape distribution. Inserting
Eq. (8) for f- f into Eq. (7) and doing the in-
tegration over the derivative of the delta func-
tion, we get

T v 2]1 (9)
Auzz d g(£) Nf Tef z

This expression thus gives a contribution to the
photoconductivity only at the resonant condition
E C = =F .+tw- 3o, where Ti is the average ini-
tial electron energy. This resonance condition
£= ef=.+ 1w-3Aw o is the same as Eq. (1) with
m = 3, and an average initial electron energy in
the N = 0 Landau level. The observed background
photoconductivity is due in part to the depletion
of the tail of the Maxwellian distribution by the
photoexcitation of electrons. This effect has
been neglected in Eq. (8) for simplicity, since
the positions of the resonances is of primary con-
cern here.

In summary, three-phonon assisted cyclotron
harmonic transitions observed in the magnetophoto-
conductivity of n-InSb have been investigated.
At present further investigations into multiple
phonon assisted cyclotron harmonic transitions
are in progress.
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FIGURE CAPTIONS

Fig. 1 - Detector response as a function of in-
verse magnetic field for four CO2 laser
wavelengths. The lattice temperature is
1.8 K. N is the final state Landau level
number.

Fig. 2 - Intraband transition energies versus mag-
netic field, Theoretical transitions
calculated from Eq. (1) are shown as lines.
Experimental values: @our work showing re-
sistance minima; *photoresponse data (Ref.
10).

Fig. 3 - The Feynman diagram corresponding to the
absorption of a photon and the emission of
three LO phonons. The initial state of
the electron is ki with energy ci, and the
final state is kf with energy cf. The
photon, reprtsented by the wavy line, has
wave vector k and angular frequency w.
The LO phonons, represented by the dashed
lines, have wave vectors 41' 42' and e
with constant angular frequency wo. ere
are three other similar diagrams describ-
ing the processes in which one or more
phonons are emitted before the photon is
absorbed.
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